The reciprocal exchange of information by social interaction is a key ability that promotes survival. This ability allows an observer to deduce the intentions and emotions of others by interpretation of social cues, such as facial expression and body posture. One consequence is a capacity to avoid threats by observing the association between others' social cues and co-occurring events. Previous studies have implicated several interconnected brain regions as a social network that contributes to the transmission and reception of social information. The amygdala is a key component of this network [1] [2] [3] [4] [5] and may serve as a link between recognition of social cues and the production of socially motivated affective responses. In support of this, the amygdala displays functional abnormalities in individuals with impaired social comprehension, such as people with autism 6, 7 .
a r t I C l e S
The reciprocal exchange of information by social interaction is a key ability that promotes survival. This ability allows an observer to deduce the intentions and emotions of others by interpretation of social cues, such as facial expression and body posture. One consequence is a capacity to avoid threats by observing the association between others' social cues and co-occurring events. Previous studies have implicated several interconnected brain regions as a social network that contributes to the transmission and reception of social information. The amygdala is a key component of this network [1] [2] [3] [4] [5] and may serve as a link between recognition of social cues and the production of socially motivated affective responses. In support of this, the amygdala displays functional abnormalities in individuals with impaired social comprehension, such as people with autism 6, 7 .
The nuclei of the amygdala work together to orchestrate a range of affective behaviors. However, intra-amygdala connections that guide learned social behavior are not known. The lateral nucleus (LA) of the basolateral complex is implicated in guidance of affective behavior by environmental cues. Outputs from the LA to the central amygdala, bed nucleus of stria terminalis and nucleus accumbens guide autonomic and behavioral aspects of fear and appetitive behavior in response to learned cues [8] [9] [10] . The posterior medial amygdala (MeA) also receives input from the LA 11 , is an essential mediator of social behavior 4, [12] [13] [14] [15] and exhibits patterns of activation consistent with a role in social learning 16 . Therefore, interaction between LA and MeA might be required for successfully linking social cues with an appropriate learned affective response. Little is known about the LA and MeA interaction or how their interaction may be impaired in aberrant social comprehension. The purpose of this study was to test the importance of the LA-MeA circuit in social behaviors and to identify whether the LA-MeA path can serve as a link between comprehension of a social behavior and appropriate use of that information to guide behavior.
RESULTS

Amygdala circuit in social learning
To test whether the LA-MeA path can serve as a link between comprehension of a social behavior and the appropriate use of that information to guide responses, we employed a social fear conditioning paradigm. The premise of this approach is that a rat that values social cues produced by a conspecific can use those cues to guide their immediate affective behavior and can also imbue associated environmental cues and contexts with affective significance. The valuation of social cues can be inferred from the use of associated conditioned cues and contexts to guide behavior. In social fear conditioning, a 'demonstrator' undergoes classical fear conditioning (footshock paired with conditioned stimulus (CS+)) with a conspecific 'observer' in close proximity 17 . In these experiments, rats are separated only by a mesh barrier 18 (Fig. 1a) . The behavior of these rats is measured over the entire course of fear conditioning and again in response to the CS+ after 48 h. An appropriate affective response to the CS+ in this task requires the observer rat to successfully recognize and process a social cue and associate this social cue with environmental cues. Observer rats readily demonstrated social approach (Fig. 1b) during initial phases of this task and developed freezing in response to the CS+ tone (Fig. 1c) , despite no direct experience with footshock. When tested after 48 h, observer rats exhibited contextual freezing in the same chamber ( Fig. 1d) and cued freezing to the CS+ in a novel chamber (Fig. 1e) . To verify that this was a result of social transmission, this same conditioning model was repeated with an anesthetized demonstrator. When conditioning was performed with an anesthetized demonstrator, the observing rat displayed less approach behavior ( Fig. 1b; time proximal Cohen's d = 1.17, 95% confidence interval (C.I.) = −26.8 to −2.5; time nose poking Cohen's d = 1.27, 95% C.I. = −35.9 to −4.9, two-tailed unpaired t-test) and did not display freezing during conditioning ( Fig. 1c ; η 2 = 0.10, one-way 4 6 0 VOLUME 20 | NUMBER 3 | MARCH 2017 nature neurOSCIenCe a r t I C l e S repeated-measures (RM) ANOVA) and showed less conditioned freezing during contextual and cued testing ( Fig. 1d,e ; contextual freezing Cohen's d = 1.49, 95% C.I. = 5.94 to 28.0, two-tailed unpaired t-test; cued freezing η 2 = 0.21, two-way RM-ANOVA). This is similar to the absence of social fear conditioning seen when the demonstrator receives no footshock ('tone-only' control 18 ). This indicates that social cues emitted by the demonstrator drive the social learning. To determine whether the MeA or LA are required for social fear learning, we used a chemogenetic approach, bilaterally inactivating nuclei during social fear conditioning by first injecting them with an adeno-associated virus (AAV) vector containing a calcium/calmodulin-dependent protein kinase (CaMKIIa) promoter, a human influenza hemagglutinin (HA) epitope tag, a modified human muscarinic M4 receptor linked to an inhibitory G protein receptor (hM4D(Gi)), and the fluorescent protein mCitrine following an internal ribosome entry site (IRES) (AAV-CaMKIIa-HA-hM4D(Gi)-IRES-mCitrine; hereafter, DREADD (designer receptors exclusively activated by designer drugs)-Gi) 19, 20 and then injecting 1 mg/kg clozapine-N-oxide (CNO) intraperitoneally 40 m before conditioning; Fig. 2a,b) . Control rats expressed a reporter without DREADD-Gi (AAV-CaMKIIa-YFP; n = 8).
We administered CNO to both control and DREADD-expressing rats and found that it decreased the activity of MeA or LA neurons in DREADD-Gi-expressing rats but not in control rats ( Fig. 2c-f ; MeA firing rate Cohen's d = 0.85, 95% C.I. = −2.9 to −1.2; LA firing rate Cohen's d = 1.16, 95% C.I. = −0.69 to −0.22, two-tailed unpaired t-test), and this effect was specific for the targeted region (Fig. 2g) . This demonstrates the utility of this chemogenetic approach to decrease LA and MeA activity. DREADD expression and recording loci were confirmed to lie within the MeA or LA (Supplementary Figs. 1 and 2) . Inactivation of the LA during social fear conditioning had no effect on social approach behavior (Fig. 3a) but attenuated freezing during social fear conditioning ( Fig. 3b ; η 2 = 0.11, two-way RM-ANOVA). When tested in a novel context after 48 h, conditioned freezing to the CS+ was attenuated ( Fig. 3d ; η 2 = 0.18, two-way RM-ANOVA), while freezing to the original context in the absence of the CS+ was spared (Fig. 3c) . The LA, then, was a key mediator of learning to associate an environmental cue (but not context) with a paired social cue, and its inactivation led to a deficit in conditioned responding to that environmental cue when tested later. To test whether the MeA is similarly required for social fear learning, (posterior) MeA was bilaterally inactivated during social fear conditioning by the same DREADD-based approach. Observer rats with MeA inactivation during social fear conditioning exhibited both reduced social approach ( Fig. 3a; time nose poking η 2 = 0.33 and time proximal η 2 = 0.35, one-way ANOVA) and reduced freezing in response to the conspecific that received foot shocks during conditioning (Fig. 3b) . When tested after 48 h, prior MeA inactivation reduced conditioned freezing to both the CS+ and the context ( Fig. 3c,d ; η 2 = 0.36, one-way ANOVA). This is consistent with a role for the MeA in general recognition of social cues or responding to social cues. Overall, this demonstrated a specific role for LA in social learning about an important cue and an additional, more general role for the MeA in social approach and freezing responses to conspecific footshock during social fear conditioning.
To determine the precise role of the LA-MeA connection in social fear learning, we used a functional disconnection approach, whereby the LA in one hemisphere and the MeA in the other hemisphere were chemogenetically inactivated during social fear conditioning ( Fig. 2b ; functional disconnection by inactivation instead of anatomical disconnection). This approach allowed for one fully functional LA and MeA to send and receive information from other brain structures during this task. The LA-MeA functional disconnection did not decrease social approach during social fear conditioning (Fig. 3e) , demonstrating that the LA-MeA connection is not required for normal social approach, recognition or responding to social cues per se. Despite normal social approach behavior, the LA-MeA functional disconnection caused reduced freezing in the observer rats to the The social fear conditioning apparatus (left) was divided down the middle to allow footshock delivery paired with a tone to the animal on the right side (demonstrator), while the animal on the left received no footshock (observer). The animals were separated by a mesh divider (right).
(b) Observer rats (n = 14) displayed exploratory behavior directed toward the demonstrator, measured as amount of time spent proximal to the divider that separated the rats (left) and amount of time spent with its nose in close proximity or poking into the divider (right). If the rat on the other side of the divider was anesthetized, the observer rat (n = 7) displayed significantly less time engaged in this social exploratory behavior (time proximal, P = 0.0206, t = 2.524, degrees of freedom (d.f.) = 19, Cohen's d = 1.17, 95% C.I. = −26.8 to −2.5, two-tailed unpaired t-test; time nose poking, P = 0.0128, t = 2.749, d.f. = 19, Cohen's d = 1.27, 95% C.I. = −35.9 to −4.9, two-tailed unpaired t-test). (c) Observer rats (n = 14) displayed increased freezing over the course of social fear learning (6 trials; P = 0.0108, F 6,91 = 5.423, η 2 = 0.29, one-way RM-ANOVA) if the demonstrator rat was awake, despite no physical contact with shock. However, if the demonstrator rat was anesthetized during the social fear conditioning, the observer rats (n = 7) displayed no significant freezing (P = 0.5875, F 6,42 = 0.6337, η 2 = 0.10, one-way RM-ANOVA), resulting in a significant difference in freezing between groups (i.e., difference in the effect of social fear conditioning; trial × anesthesia interaction, P = 0.0446, F 6,114 = 2.237, η 2 = 0.031, two-way RM-ANOVA; main effect of anesthesia, P = 0.0108, F 1,19 = 7.988, η 2 = 0.19, two-way RM-ANOVA). (d) When replaced in the same chamber after 48 h, rats that had been paired with an awake demonstrator (n = 14) displayed contextual freezing, while rats that had been paired with an anesthetized demonstrator (n = 7) displayed significantly less contextual freezing (P = 0.0045, t = 3.219, d.f. = 19, Cohen's d = 1.49, 95% C.I. = 5.9 to 28.0, two-tailed unpaired t-test). (e) Similarly, when placed in a novel chamber and presented with the conditioned tone (CS+; 12 trials), rats that had been paired with an awake demonstrator displayed conditioned freezing to the CS+ (n = 14) while rats that had been paired with an anesthetized demonstrator (n = 7) displayed significantly less freezing (main effect of treatment, P = 0.0038, F 1,19 = 15.15, η 2 = 0.21; treatment × trial interaction, P = 0.0013, F 12,228 = 2.810, η 2 = 0.043, two-way RM-ANOVA). Data are means ± 95% confidence intervals. # P < 0.05, main effect of group in two-way RM-ANOVA; *P < 0.05, two-tailed unpaired t-test.
a r t I C l e S CS+ tone over the course of conditioning ( Fig. 3f ; η 2 = 0.047, twoway RM-ANOVA), consistent with decreased association of the CS+ tone with conspecific social cues. When tested after 48 h, rats with prior LA-MeA functional disconnection displayed impaired freezing to the CS+ ( Fig. 3h ; η 2 = 0.22, two-way RM-ANOVA) but not contextual freezing (Fig. 3g) , which indicated impaired ability to learn the association between an environmental cue paired with a social cue. This recapitulated the effect of either bilateral LA inactivation or bilateral MeA inactivation. Inactivation of LA and MeA within one hemisphere, leaving a functional LA-MeA connection in the other hemisphere, did not significantly impair social fear conditioning (Fig. 3f-h ). This demonstrated that at least one functional connection between the LA and MeA was necessary and sufficient for social fear learning. The importance of the direct LA-MeA connection was further verified by selective inactivation of LA neurons that project to the posterior MeA. This was accomplished by an intersectional approach with MeA infusion of a retrogradely transported viral vector that transduces expression of Cre (CAV2-Cre) and LA infusion of Cre-dependent DREADD-Gi (AAV-hSyn-DIOhM4D(Gi)-mCherry), leading to specific expression of DREADD-Gi only in those LA neurons that project to MeA. Similarly to the disconnection experiments above, inactivation of the LA-MeA circuit 
28, two-tailed unpaired t-test).
Data are means ± 95% confidence intervals.
a r t I C l e S impaired social fear conditioning (Fig. 3i-l and Supplementary  Fig. 3 ; η 2 = 0.16, two-way RM-ANOVA). Off-target infusions did not impair social fear conditioning ( Fig. 3j-l) . Thus, disruption of the LA-MeA pathway (caused by bilateral inactivation of either node, functional disconnection or specific inactivation) resulted in failure to use social information to imbue predictive environmental cues with emotional salience. The specificity of the LA-MeA path in social learning of paired cues was demonstrated by intact social learning of contextual fear, which indicates that (i) the LA-MeA path was not required for the ability to freeze and form other associations based on social information, (ii) the LA-MeA path was not required for recognition of social cues and (iii) the LA-MeA path was needed to link social cues with environmental cues and to use those environmental cues to guide social behavior during conditioning. This is also consistent with other studies that demonstrate that cue-specific information is processed by the LA, while context-specific information may be processed by the basolateral nucleus of the amygdala (BA) 9 . Indeed, in experiments that included inactivation of the BA-MeA path, social learning of contextual fear was impaired (Fig. 3k) .
To determine the specificity of the LA and MeA functional connectivity to social fear learning, we tested their role in mediating the association between a nonsocial aversive outcome and a neutral sensory cue in classical fear conditioning. Bilateral inactivation of the LA during classical (nonsocial) fear conditioning impaired conditioned freezing to a CS+ (Supplementary Fig. 4a ; η 2 = 0.27, twoway RM-ANOVA), consistent with prior studies 9, 21 and supporting the effectiveness of inactivation by DREADD-Gi. However, bilateral inactivation of the MeA or LA-MeA disconnection during classical fear conditioning did not impair conditioned freezing in response to a CS+ (Supplementary Fig. 4b) . Thus, the LA-MeA connection was selectively required for social fear learning but not for nonsocial associative learning.
The LA-MeA path may be necessary for other behaviors that contribute to social fear learning. To determine the specificity of this path's role in social fear learning, we measured nonlearned social interaction with a novel rat in an open field. There was no gross abnormality in total time interacting or number of interactions upon bilateral LA or MeA inactivation or upon LA-MeA ipsilateral or crossed inactivation ( Supplementary Fig. 5a-d) . A decrease in the duration of interaction events was observed upon bilateral MeA inactivation (Supplementary  Fig. 5b ; η 2 = 0.39, one-way ANOVA). This indicates that the LA-MeA path itself is not required to drive spontaneous unlearned social exploration, but the MeA contributes to sustained social interaction. No abnormalities in exploration of the open field or elevated plus maze were observed with any of the inactivation conditions ( Supplementary  Fig. 5e,f) , demonstrating that general, unconditioned anxiety behaviors are unlikely to rely on this circuit.
To further link the LA-MeA pathway with learned fear, the strength of this pathway was measured in vivo after a modified social fear learning procedure. In this modified social fear learning procedure, fewer CS+ trials were performed (3 trials; Fig. 4a ) to produce greater interindividual variability in social learning. This resulted in a wider range of conditioned freezing responses to the CS+, including 'bad learners' , which displayed little detected conditioned freezing to the CS+ during an abbreviated test session (3 trials, < 15% time freezing), and 'good learners' , which displayed conditioned freezing during this test session (> 15% time freezing; Fig. 4a ). The in vivo strength of the LA-MeA path was measured in good learners and bad learners by recording the posterior MeA local field potential response upon Control rats (n = 8) displayed social approach during social fear conditioning, measureable as time spent close to and nose exploring through the mesh divider. Bilateral inactivation of MeA (n = 7 rats), but not LA (n = 7 rats), decreased nose poking (P = 0.02, F 2,19 = 4.74, η 2 = 0.33, one-way ANOVA; *P < 0.05, Holm-Sidak's multiple comparisons test). Similarly, bilateral inactivation of MeA (n = 7 rats), but not LA (n = 7 rats), decreased time proximal to the divider (P = 0.0178, F 2,19 = 5.015, η 2 = 0.35, one-way ANOVA; *P < 0.05, Holm-Sidak's multiple comparisons test). (b) Inactivation of MeA or LA decreased freezing during social fear conditioning (main effect of inactivation, P = 0.047, F 2,19 = 3.61, η 2 = 0.11; trial × inactivation interaction, P = 0.0034, F 10,95 = 2.89, η 2 = 0.07, two-way RM-ANOVA; # P < 0.05, main effect of group in two-way RM-ANOVA). (c) Contextual freezing was measured after 48 h in the same context as conditioning, without CNO. Bilateral inactivation of MeA (n = 7 rats), but not LA (n = 7 rats), during conditioning decreased contextual freezing (P = 0.018, F 2,19 = 5.11, η 2 = 0.36, one-way ANOVA; *P < 0.05, Holm-Sidak's multiple comparisons test). (d) Freezing to the CS+ tone was tested after 48 h in a novel context, without CNO. Bilateral inactivation of MeA or LA during conditioning decreased freezing in response to the CS+ tone during testing (main effect of inactivation, P < 0.0001, 
, two-tailed unpaired t-test).
(h) However, crossed functional disconnection of LA and MeA did impair freezing in response to the CS+ tone when measured in a novel context after 48 h (main effect of inactivation, P = 0.0023, F 1,17 = 12.88, η 2 = 0.22; trial × inactivation interaction, P = 0.0003, F 12,204 = 3.21, η 2 = 0.061, two-way RM-ANOVA). (i) DREADD-Gi was transduced in LA neurons that project to MeA by infusion of CAV2-Cre into MeA with a Cre-dependent DREADD-Gi vector in the LA. Scale bars, 500 µm (center) and 50 µm (right). (j) CNO was injected 40 min before social fear conditioning. Rats that had DREADD-Gi expression in LA-MeA neurons (n = 9) displayed reduced freezing during social fear learning compared to rats whose vector infusion was off-target (n = 13 rats; main effect of inactivation site, P = 0.0001, F 1,20 = 23.18, η 2 = 0.15; trial × inactivation interaction, P = 0.0138, F 5,100 = 3.026, η 2 = 0.054, two-way RM-ANOVA). (k) Contextual conditioned social fear was compared between rats with DREADD-Gi expression in LA, LA + BA and off-target expression. Contextual conditioned social fear was not impaired in rats with DREADD-Gi expression limited to LA-MeA neurons (n = 9 rats) compared to rats whose vector infusion was off-target (n = 13 rats; P = 0.0116, F 2,24 = 5.397, η 2 = 0.31, one-way ANOVA; P > 0.05, Holm-Sidak's multiple comparisons test), but it was impaired when DREADD transduction extended to include LA and BA neurons (n = 5 rats; P < 0.05, Holm-Sidak's multiple comparisons test, compared to off-target infusions and on-target infusions). (l) Conditioned freezing to cue was significantly impaired in rats with DREADD-Gi expression in LA-MeA neurons (n = 9 rats) compared to rats whose vector infusion was off-target (n = 13 rats) measured in a novel context after 48 h (main effect of inactivation site, P < 0.0001, F 1,20 = 25.39, η 2 = 0.16; trial × inactivation interaction, P < 0.0001, F 12,240 = 4.168, η 2 = 0.11, two-way RM-ANOVA). *P < 0.05, Holm-Sidak's multiple comparisons test, # P < 0.05, main effect of group in two-way RM-ANOVA. Data are means ± 95% confidence intervals. 5 g per kg urethane) . The input-output curve of the MeA response to LA was quantified (Fig. 4b) . There was a significant correlation between the strength of the LA-MeA path and the amount of socially conditioned freezing to the CS+ (Fig. 4c) . As a control, we measured the strength of the LA-MeA path after a weak classical fear conditioning procedure (2 trials, 0.3 mA) that produced variability in nonsocial conditioned freezing. There was no significant association between classical conditioned freezing (3 trials) and the strength of the LA-MeA path (Fig. 4c) . Taken together, these data demonstrate the necessity of the LA-MeA path in the ability to use social cues to assign value to an environmental cue that predicts threat, and importantly, this ability scaled as a function of the strength of the pathway.
The LA-MeA circuit in a condition with impaired social behavior The acute deficits in responding to social cues and assigning value to socially relevant cues that was produced by inactivation of nodes in the LA-MeA circuitry is reminiscent of social deficits observed in many patients with autism. Impaired function of the LA-MeA path may contribute to social deficits in this and other disorders. Indeed, imaging studies demonstrate hyper-or hypoactivity of the amygdala associated with abnormal social behavior in autism 22, 23 . The next goal of this study was to test whether a dysfunction of the LA-MeA path could underlie deficits in animals that display impaired social learning. Deletions and copy number variations of the neurexin gene (NRXN) and mutations of the neuroligin gene (NLGN), which encodes neurexin's binding partner, are associated with autism 24, 25 , and neurexin has an important role in neurotransmission in several brain regions 26 , leading to the expectation of abnormal social behavior in rodents with neurexin mutations. We therefore tested whether LA-MeA circuitry is impaired in rats with a knockout of the neurexin-1 gene (Nrxn1), which impairs production of neurexin-1α (Nrxn rats) and whether this impairment is associated with a deficit in social learning. Nrxn rats 27 were bred from homozygous pairs. Age-matched wild-type (WT) rats of the same genetic background were bred at the same facility, housed on the same rack in the same room and shipped at the same time. As expected, Nrxn rats expressed significantly lower neurexin-1 mRNA and protein levels compared to WT controls (Supplementary Fig. 6a,b Fig. 5a and Supplementary Fig. 7a-c) . This response had all the characteristics of a monosynaptic input rather than an antidromic or polysynaptic input. (The latency jitter was between 0.5 and 3 ms, with <2 ms shift in latency with increasing stimulation intensity. Evoked action potentials did not collide with preoccurring spontaneous action potentials.) The reciprocal in vivo LA activity was also measured while the MeA was stimulated in anesthetized rats. The strength of the LAMeA path was measured as the probability of an MeA neuron firing in response to LA stimulation and was significantly stronger than the relatively weak reciprocal MeA-LA path (Supplementary Fig. 7b,c) indicating that the flow of information in the LA-to-MeA direction is more efficacious (η 2 = 0.16, two-way RM-ANOVA). The in vivo response of MeA neurons to LA input was attenuated in Nrxn rats ( Fig. 5b-d (Fig. 6c) . There was also a significant difference in paired pulse facilitation and the coefficient of variance of glutamatergic input evoked by local stimulation ( 
two-tailed unpaired t-test).
Data are means ± 95% confidence intervals except where noted. a r t I C l e S synaptic input. There was little difference in spontaneous excitatory postsynaptic currents (miniature EPSCs; Fig. 6e,f) , perhaps because spontaneous EPSCs are induced by different presynaptic mechanisms than EPSCs evoked by action potentials 28, 29 . Overall, these results demonstrate that the LA-MeA circuit was impaired in Nrxn rats due to reduced input strength and the attenuated responsiveness of MeA neurons. In contrast, LA neuron responsiveness was not significantly different in Nrxn rats despite similar abnormality of synaptic function (excitability η 2 = 0.0027, two-way RM-ANOVA; paired-pulse ratio Cohen's d = 1.26, 95% C.I. = −0.32 to −0.097; coefficient of variance CV Cohen's d = 0.86, 95% C.I. = 0.0086 to 0.13, two-tailed unpaired t-test) (Supplementary Fig. 8a-e) .
To test whether the weakness in the LA-MeA connection in Nrxn rats was associated with similar outcomes as LA-MeA disconnection, we measured social behaviors. Gross social interaction behaviors and social preferences of neurexin knockout mice have been found to be fairly normal in some studies 30 but abnormal in others 31 . Social interaction with a novel WT rat was measured to assess whether Nrxn rats demonstrate preference for social interaction. Nrxn rats did not display significant abnormalities in the frequency or total time of social interactions with a novel rat (Fig. 7a) . However, there was a significant decrease in the duration of each social interaction ( Fig. 7a; Cohen's d = 1.59, 95% C.I. = −1.36 to −0.50, two-tailed t-test), similar to the previous result we observed in bilateral MeA-inactivated animals. There was no difference in exploration of a novel object between WT and Nrxn rats (Fig. 7b) . However, when given the choice between social interaction with a novel rat or exploration of a novel object, Nrxn rats displayed a significantly diminished preference for the novel rat ( Fig. 7c; Cohen's d = 0.98, 95% C.I. = −1.44 to −0.22, two-tailed unpaired t-test). Taken together, these results are consistent with a relatively low significance of social interaction for Nrxn rats. To test the ability of Nrxn rats to learn by social transmission, we measured social fear conditioning. The Nrxn rats displayed significantly reduced approach to the conspecific during social fear conditioning ( (Fig. 7e ; η 2 = 0.18, two-way RM-ANOVA). This was associated with reduced conditioned freezing to the CS+ cue and context after 48 h, consistent with impaired MeA function, including impaired guidance of MeA by LA (Fig. 7f,g ; contextual freezing Cohen's d = 1.27, 95% C.I. = −24.2 to −6.5, two-tailed unpaired t-test; cued freezing η 2 = 0.13, two-way RM-ANOVA). This reduced social engagement and learning did not appear to be due to differences in the behavior of the demonstrators, which displayed similar freezing and social interactive behavior regardless of observer genotype (Supplementary Fig. 9a ). Previous studies have demonstrated that social fear transmission can utilize auditory and olfactory components [32] [33] [34] . Nrxn rats displayed normal freezing to a loud unconditioned tone (95 dB, 1.5 kHz, 1s; Supplementary Fig. 9b ), indicative a r t I C l e S of unimpaired hearing ability. Nrxn rats also displayed normal ability to locate grape-flavored sucrose pellets that were buried in bedding (Supplementary Fig. 9c ) and normal discrimination between male and female pheromones, as demonstrated by time exploring used bedding from female and male rats (Supplementary Fig. 9d ), though they demonstrated less preference for the bedding from female rats than WT rats did (Cohen's d = 1.12, 95% C.I. = 1.09 to −0.02, twotailed unpaired t-test). Overall, this is consistent with intact olfaction. However, this does not completely rule out more subtle forms of sensory deficits and does not conclusively demonstrate the functionality of these modalities in the transfer of social information. Nevertheless, Nrxn rats displayed normal or enhanced classical fear conditioning with similar footshock sensitivity ( Supplementary Fig. 9e-g ), consistent with a previous study 27 . Together, these data indicate that Nrxn rats exhibit adequate hearing and olfactory function, as well as the ability to learn in associative tasks that utilize an auditory CS+, yet still do not adequately use social cues to direct learning behavior. Further evidence for abnormal social processing was observed during social interaction in the open field. A proportion of Nrxn rats (5 of 16 rats) displayed mounting behavior directed toward the male conspecific in the open field. None of the WT rats displayed this behavior (0 of 16 rats; Supplementary Fig. 10a,b) . This behavior was also observed to occur in pairs of Nrxn rats in their home cage, but was rarely observed in WT pairs (Cohen's d = 1.74, 95% C.I. = 1.15 to 3.85, two-tailed WT rats that spent more time close to the mesh divider during social fear conditioning, and spent more time nose exploring through the divider displayed greater conditioned social fear (proximal to divider, r 2 = 0.65, P < 0.01; nose poking, r 2 = 0.54, P < 0.01). The correlation between these prosocial behavioral measures and fear learning were absent in Nrxn rats (proximal to divider, r 2 = 0.01, P > 0.05; nose poking, r 2 = 0.10, P > 0.05). Data are means ± 95% confidence intervals except where noted. *P < 0.05, two-tailed unpaired t-test; # P < 0.05, main effect of group in two-way RM-ANOVA.
a r t I C l e S unpaired t-test). The Nrxn rats also displayed normal exploration behavior in the elevated plus maze and open field ( Supplementary  Fig. 9h,i) , demonstrating that abnormally elevated anxiety is unlikely to underlie impaired social learning. The physiological and behavioral data argue for a deficit of MeA function in Nrxn rats that leads to impairment of behaviors that rely on the LA-MeA path. Therefore, increased activation of the MeA may alleviate deficits of social fear conditioning in Nrxn rats. To test this, MeA was bilaterally chemogenetically activated in WT and Nrxn rats using a construct that activates stimulatory G (Gs) protein (AAV-CaMKIIa-HA-rM3D(Gs)-IRES-mCitrine; DREADD-Gs 35 ; Supplementary  Fig. 11a-d) during social fear conditioning. Control Nrxn rats were transduced with a reporter only (AAV-CaMKIIa-EYFP). The effectiveness of DREADD-Gs at activating MeA neurons was assessed using in vivo extracellular recordings from anesthetized rats (as above). Administration of CNO caused an increase in the overall firing rate and number of spontaneously firing neurons recorded in the MeA of anesthetized DREADD-Gs rats, whereas vehicle had no significant effect ( Supplementary Fig. 11a-c ; η 2 = 0.38, two-way RM-ANOVA). The MeA was activated by CNO during social fear conditioning. Activation of MeA improved social fear conditioning in Nrxn rats, as demonstrated by increased freezing during conditioning ( Fig. 8a ; η 2 = 0.19, two-way RM-ANOVA) and in response to the socially conditioned context and CS+ cue when tested after 48 h ( Fig. 8b ; contextual freezing η 2 = 0.62, one-way ANOVA; cued freezing η 2 = 0.12, two-way RM-ANOVA). This increased freezing was absent if the experiment was repeated with an anesthetized demonstrator (Fig. 8c) , indicating that MeA activation itself did not induce spurious freezing to tone or context (Fig. 8c,d) . Furthermore, DREADDGs activation of the MeA did not significantly increase conditioned freezing upon classical fear conditioning (Fig. 8e) , indicating that DREADD-Gs did not lead to abnormal elevation of fear behaviors that do not rely on MeA circuitry. This remarkable improvement in use of social information to guide behavior upon MeA activation was observed despite a lifetime with genetic abnormality and a history of MeA dysfunction. a r t I C l e S DISCUSSION These results demonstrate that an intra-amygdala path between the LA and MeA underlies the ability to link the affective content of social cues with other external predictive cues. Specifically, the MeA was required to value a social cue emitted by a conspecific, while the LA-MeA circuit was required to assign value to environmental cues associated with social cues and to subsequently use that environmental cue to guide behavior. The interpretation most readily supported by observed effects of LA-MeA pathway inactivation is impaired social learning rather than of impairment limited to expression during learning. The reason for this is that if social fear learning was intact but expression was transiently impaired due to DREADD inactivation, we would expect to observe conditioned freezing when the rats were tested after 48 h, but we did not. This is congruent with a role for the amygdala in processing social signals from faces and recognition of facial expression 1, 5 and further adds the role of the LA-MeA in learning about and initiation of an affective response to the learned social cue. This places the LA-MeA as a specialized circuit parallel to the basolateral amygdala (BLA)-central amygdala path, BLA-bed nucleus of the stria terminalis path and BLA-accumbens path in the production of a coordinated response to conditioned cues. The MeA is important for species-specific social behaviors; LA inputs to the MeA help select and guide appropriate social behaviors and participate in broadening the importance of an associated social cue with environmental contingencies. In addition to impairments in social learning caused by acute disruption of the LA-MeA path and of the correlation between social learning and LA-MeA path strength, this specific amygdala circuit was abnormal in a model of impaired social learning, the Nrxn rat. Previous studies that used social interaction and social preferences behaviors of Nrxn mice have found mixed results 30, 31 , consistent with the relatively subtle differences in social interaction observed here. Instead, a more robust social deficit of Nrxn rats appears in the processing of emotionally relevant social cues that signal environmental threats and in the assignment of value to a cue with social importance. These impairments in Nrxn rats map closely to the impairments found upon disconnection between the LA and MeA, parallel the impaired function of this circuit and share similarities with abnormalities observed after isolation rearing 36 . Activation of MeA by DREADD-Gs reduced these impairments, though this is not necessarily due to repair of the underlying pathophysiology. In addition, the observed pathophysiology in Nrxn rats may not reflect the etiology of social deficits in autism spectrum disorders, which are associated with loss-of-function heterozygous mutations instead of knockout mutations. Surprisingly few studies have tested the importance of the amygdala in genetic models associated with social abnormalities, such as those found in autism [37] [38] [39] [40] [41] [42] . While informative, those few studies largely focused on the basolateral amygdala complex and did not test the impact on intra-amygdala function. Furthermore, to our knowledge no previous studies have tested the importance of the LA-MeA intra-amygdala circuit in social behavior. The current study found very discrete, targetable, abnormalities in this circuitry associated with impaired social learning.
Use of DREADD-based manipulations causes prolonged but temporary changes in neuronal activity. However, it is not the same as a true inactivation, and the functional disconnection induced here is unlikely to be as complete as disconnections produced by pharmacological or anatomical approaches. In addition, while use of DREADDs here was demonstrated to cause a change in neuronal activity, DREADD-based manipulations exert their effects by modulating intracellular signaling, which may contribute to the observed outcomes upon DREADD-induced inactivation. DREADD expression was under the control of a CaMKIIa or human synapsin 1 promoter. While CaMK may be expressed in several BLA neuronal types, CaMKIIa expression is limited to BLA projection neurons 43 . Therefore, use of the CaMKIIa promoter is expected to limit DREADD expression to projection neurons 20 , as previously demonstrated 44 , and use of this promoter with DREADD-Gi has been demonstrated to impact the physiology of BLA projection neurons 44, 45 . In addition, its expression was observed in fibers in regions that are LA projection targets, such as entorhinal cortex. While CaMKIIa expression can be observed in sections that include the posterior MeA 46,47 , it is not entirely clear in which MeA neurons it is expressed. However, fibers were observed in hypothalamus and stria terminalis, indicating that DREADD expression included MeA projection neurons and these neurons may overlap with specific populations of MeA neurons that modulate social behavior 48 .
Treatments for autism often rely on behavioral interventions that are less effective in severe autism. Our current results provide a rationale for pursuing approaches that augment MeA function in combination with behavioral intervention. This may produce benefits in the development of social abilities despite social impairments from an early age.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. 
